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ABSTRACT
THE STUDY OF COPPER CORROSION MECHANISMS USING
ELECTROCHEMICAL EXPERIMENTAL TECHNIQUES
Evan Patrick Grimm
July 30, 2021
The purpose of this study was to discover and thoroughly explain the corrosion
mechanisms of copper in saltwater, tap water and deionized water, and to apply these
methods and findings when testing the corrosion mechanisms of other materials. The
experimental procedure consisted of measuring the open circuit potential, electrochemical
impedance spectroscopy, linear sweep voltammetry, and Tafel analysis.
The copper was found to corrode at a greater rate in saltwater, followed by tap
water then deionized water, with a larger difference between saltwater and tap water than
between tap water and deionized water. Each reaction was found to be both kinetically
and diffusion controlled.
Similar experiments were conducted using stainless steel immersed in mock
wastewater, and 3D printed stainless steel in saltwater. Corrosion rates increased as the
concentration of the mock wastewater increased. The 3D printed stainless steel had
corrosion rates 200 times less than those of copper in saltwater solution.
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INTRODUCTION
1.1 Corrosion Background
Corrosion is broadly defined as the degradation of materials due to interactions
with the surrounding environment (Shaw, p. 24-26). This happens most often in metals
when exposed to open atmosphere. To get metals in a pure form, energy must be exerted
to purify, or refine them from their natural state. Corrosion is the reverse occurring
naturally as the pure metal reacts with its surroundings to return to its most stable form.
Rather unfortunately, the stable form of most pure metals is not very useful in most
applications. The gradual corrosion of purified metals also creates problems for people
due to a variety of reasons. For example, iron is found naturally as hydrous ferrous oxide
(Fe2O3·H2O) that forms the mineral hematite in iron ore. This is refined through an
energy intensive process to form pure iron (Fe). At high temperatures, the iron can be
molded into various things like nails, tools, or structures. Pure iron will then react with
oxygen and moisture in the air to form hydrous ferrous oxide again, hydrated magnetite
(Fe3O4·H2O), or magnetite (Fe3O4) (Shaw, p. 24-26). As this reaction gradually occurs,
the iron will often break away; nails will fail, tools will break, and structures will fall.
The macroscale corrosion process is summarized in Figure 1.1.
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Figure 1.1. The Natural Cycle of Corrosion for Iron.

This natural process, though it appears simple, is a complicated series of
electrochemical reactions involving the mechanisms of mass transport, thermodynamics,
and kinetics. Understandings of mass transport helps model how ions will diffuse to and
from the surface of the metal.
Laws of thermodynamics provides methods of determining the energy
requirement and how energy is transferred in the system. The rate of reaction is modeled
using laws of kinetics. Studying these three mechanisms of corrosion are the key to
stopping corrosion before it happens.
The demand for chemical engineering solutions to corrosion is very apparent in a
historic study conducted from 1998 to 2001 by the United States Federal Highway
Administration. Measurable direct costs associated with losses, prevention, and repairs of
corrosion in US industry amounted to $137.9 billion per year (Koch, p. 2-4). Figure 1b
shows these direct costs divided up by industry.
2

Utilities has the largest measurable cost at $47.9 billion per year due to the cost of
replacing and refitting drinking water and sewage systems. These costs, when added to
direct costs not accounted for in industry, amounts to approximately $276 billion per year
or roughly $907 per person at the time.
The study also found that indirect costs such as litigation, delays, and outages are
roughly equal in impact to the direct cost (Koch, p. 2-4). This pushes the total cost of
corrosion in the United States to approximately $552 billion per year which was 6% of
the GDP in 1998 (Koch, p. 2-4). In 2020, this is equivalent to $1.25 trillion at 6% of the
current GDP.
These costs are sometimes created by catastrophic disasters caused by corrosion.
Most importantly, these disasters cost lives and environmental stability. In May of 2015,
an oil spill off the coast of Santa Barbara resulted in 540 m3 of crude oil to be released
into the coastline, wreaking havoc on the biologically diverse ecosystem (Petrovic, p.
1048-1064). The investigation discovered that corrosion in the lower quadrant of an oil
pipeline had reduced the wall thickness by 45% and caused cracks that lead to a
catastrophic failure (Petrovic, p. 1048-1064).
Long before this happened, in 1984, the Bhopal Accident resulted in the release of
toxic gas ultimately leading to the death of an estimated 8,000 people. It was discovered
that corrosion was the main culprit and exacerbated by gross mismanagement (Petrovic,
p. 1048-1064).
Evidently, corrosion endangers human lives and the environment because it can
result in catastrophic failure in almost all engineering components. These include
components like machinery, vehicles, chemical vessels, and safety equipment. Various
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case studies on engineering failures have identified corrosion as a leading cause. Figure
1.2b details the frequency of these failures.
Corrosion is the most common cause resulting in failure in 42% of accidents
studied. The only time corrosion was found to be the second leading cause was in aircraft
accidents where fatigue results in failure 55% of the time and corrosion results in failure
25% of the time. These failures can individually cause thousands of deaths if the
conditions are right. In some industries, failures resulting in accidental releases can mean
extreme damage to the environment. In 2017, The Colorado Oil & Gas Conservation
Commission found that 48% of oil and gas flowline spills in Colorado was caused by
corrosion (Nemec). This is further evidence that corrosion accounts for a significant
portion of damage to the environment in places where oil is produced and transported.

Figure 1.2a and 1.2b. Direct Cost of Corrosion by Industry and the Frequency of Failure
Mechanisms in Engineering Components.

Much has been done to prevent corrosion in many situations. A corrosion resistant
metal alloy may be used, protective layers may be strapped on, or a thin coating may be
4

applied to protect the surfaces of metal components (Ghali, p. 80). Sometimes, a metal
anode with a lower resistance to corrosion will be welded onto the piece of equipment.
For example, a water main riser buried in 1995 in Ottawa, Ontario was fitted with
an 8-inch valve that was epoxy coated and fitted with a magnesium anode (Ghali, p. 461).
The valve eventually failed due to corrosion on the bolts holding the valve together. The
mild steel bolts were not coated, and coupling bolts connecting the top part of the riser to
the bottom with the valve did not complete the electrical circuit. This caused the
magnesium anode to provide no protection for the valve. The problem was corrected by
implementing wax coated stainless steel bolts (Ghali, p. 462).
This example is like most others, where the engineering solution to corrosion is
implemented after the component has failed. A standard testing method implemented
prior to the installation of the riser would have prevented uncoated mild steel bolts from
being used in the first place.

1.2 Materials for Cell Components

1.2.1 Electrolyte

These experiments were conducted using three separate solutions: 3.5 weight
percent NaCl, tap water, and deionized water. These three solutions were chosen based
on their accessibility, and widely varying resistances. Each experiment required
approximately 20mL of solution of a new solution to be prepared.
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The necessary equipment required to make a 3.5 weight precent sodium chloride
solution includes: deionized water, NaCl, a scale, weigh paper, a scoopula, graduated
cylinder, beaker/flask/centrifuge tube, and a stir bar and stir plate/vortex machine. The
solution was prepared by measuring 20mL of deionized water in a graduated cylinder and
transferring the liquid to a beaker, flask, or centrifuge tube. Next, 0.7 grams of NaCl was
weighed and transferred into the water. The solution was then stirred/vortexed until the
NaCl had completely dissolved (approximately 1 minute.)
To prepare the tap water and deionized water solution, each respective liquid was
measured in a graduated cylinder and transferred to a beaker, flask, or centrifuge tube.
Before use, the pH of each solution was measured and recorded. This data was later input
into the Nova 2.1.4 software.

1.2.2 Working Electrode

The working electrode (WE) represents the most important component of an
electrochemical cell (Libretexts. “C. Working”). At the WE and solution interface, the
electron transfers of interest occur. Therefore, the working electrode is a crucial
component of an electrochemical experiment.
For most electrochemical experiments, an ideal WE has favorable redox behavior,
and reproducible electron transfer without fouling. Additionally, a WE should have a
large potential window to allow for the greatest degree of analyte characterization. Based
on these specifications, the most commonly used WE are platinum, gold, carbon and
mercury (Libretexts. “C. Working”).
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These electrodes are incredible useful in some electrochemical experiments, such
as the hydrogen evolution reaction. However, the non-reactive nature of these WE are not
suitable for corrosion experiments. In corrosion experiments, the WE is the material that
is being characterized. For the experiments conducted in this paper, the working electrode
was copper.
The samples of copper were approximately 0.5cm x 5.0cm x 0.01cm. Each piece
of copper was soaked in 0.5M acetic acid for 10 minutes prior to the experiment. The
copper was then rinsed of with deionized water and dried with a KimWipe before prior to
use in the experiment.

1.2.3 Reference Electrode

Two electrodes are necessary to make a potential measurement (Libretexts.
“Reference”), the working electrode and reference electrode (RE). In electrochemical
systems, the WE selectively responds to changes in the cell. To have meaning, the RE
must remain stable over time, and have a fixed composition. With constant composition
and stability, all measured changes can be attributed to the working electrode and
electrolyte.
The standard reduction potential, E0, measures the ease at which a half-cell
reaction occurs relatively to other half-reactions (Libretexts. “Reference”). Standard
reduction potential values are measured against the standard hydrogen electrode (SHE).
The half-cell reaction for the SHE is:
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2𝐻 + (𝑎𝑞) + 2𝑒 − ↔ 𝐻2 (𝑔)

(1.1)

The half-cell potential for this reaction is assigned at a value of 0.000 V. In
practically, the SHE is often not used. It is difficult to prepare and maintain the electrode,
namely due to the requirement of hydrogen gas (Libretexts. “Reference”). In place of the
SHE, other RE are used.
The experiments were conducted using a Ag/AgCl reference electrode. The
reference electrode was stored in saturated KCl prior to use. The Ag/AgCl reference
electrode was rinsed off with deionized water and dried with a KimWipe prior to use in
the experiment.

1.2.4 Counter Electrode

Counter electrodes (CE), also known as auxiliary electrodes, are used in both two
and three electrode systems to complete the circuit (“Counter”). In a two electrode
system, the CE also serves as the RE. In a three electrode system, the current flows
through the CE and WE, without significant current passing through the RE. The
experiments conducted in this paper were done using a three electrode system.
The potential at the CE is not normally measured. However, it may be adjusted to
balance the reaction occurring at the WE (“Counter”). If a reduction reaction is occurring
at the WE, an oxidation reaction is occurring at the CE, and vice versa.
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In some experiments, to prevent contaminates generated at CE from interfering with the
WE, the CE can be physically separated using a glass frit (“Counter”).
Platinum and carbon are good materials for CE due to their inertness. It is
important that the CE allows current to flow without changing to electrolyte of the
electrochemical cell (“Counter”).
The experiments were conducted using a platinum mesh as the counter electrode.
Before use in the experiments, the platinum mesh was rigorously cleaned. The platinum
mesh was sonicated in water for 30 minutes and in acetone for 30 minutes. Additionally,
the platinum mesh was electrochemically cleaned in 0.5M H2SO4 using cyclic
voltammetry. The platinum mesh was rinsed off with deionized water and dried with a
KimWipe prior to use in the experiment.

1.2.5 Electrochemical Setup

Electrochemical characterization was conducted in a custom-fabricated corrosion
cell. The apparatus consists of a 3D-printed PET cell holder (not shown) and two plastic
cuvettes with 0.2 cm2 holes cut to exchange ions between the cuvettes and expose a
known geometric area of the metal sample’s surface to electrolyte.
The metal sample was pressed against the outer hole with a rubber gasket forming
a water-tight seal. An Ag/AgCl reference electrode (3 M KCl, 0.210 V) was placed in the
cuvette adjacent the metal sample, and a platinum mesh counter electrode was placed in
the other cuvette. The cell is shown below in Figure 1.3.
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Figure 1.3. Computer-rendered depiction of the corrosion cell apparatus employed in this
study. PET cell holder is not shown.

The cuvettes were filled with 3.5 wt% NaCl solution, tap water or deionized
water, and experiments were conducted at room temperature using a Metrohm Autolab
PGSTAT 128N potentiostat/galvanostat operating in potentiostatic mode. Measured
potentials were corrected vs. RHE by adding the standard potential of the reference
electrode and using the Nernst equation.
After assembly of the cell apparatus and before any electrochemical experiment,
the open circuit potential (OCP) was monitored until stable. Electrochemical impedance
spectroscopy (EIS) was then carried out at EOC from 100 kHz to 10 mHz with an
amplitude of 5 mVRMS. Linear sweep voltammetry (LSV) data were obtained by
sweeping from -1 to +2 V vs. EOC at 1 mV s-1.

10

TECHNIQUES AND INSTRUMENTATION

2.1 Techniques

2.1.1 Linear Sweep Voltammetry

Voltammetry is a technique used to study the electron transfer kinetics and
transport properties of electrochemical systems. Linear sweep voltammetry (LSV), a
common voltammetry method, employs a fixed scan rate, v, which sweeps between a
lower potential, V1, and an upper potential, V2, to measure the current at the working
electrode.
The characteristics of the LSV depend on the rate of the electron transfer
reactions, the chemical reactivity of the species, and the voltage scan rate. In LSV
measurements, the current response is plotted as a function of voltage rather than time
(Administrator).
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Figure 2.1. Voltage scan rate and LSV measurement (Administrator).

A current begins flowing as the voltage is swept to the right, before reaching a
peak and falling. To understand this, the effect of voltage on equilibrium must be
established. In electrochemical reactions, the rate of electron transfer is fast compared to
the voltage sweep rate. Therefore, the equilibrium at the working electrode surface can be
predicted using the Nernst Equation (Administrator).

𝐸 = 𝐸0 −

𝑅𝑇
𝑙𝑛𝑄
𝑛𝐹

Where:
E is the potential (V)
E0 is the standard potential (V)
F is the Faraday constant (J V-1 mol-1)
n is the number of moles of electrons transferred
Q is ratio of products to reactants
12

(2.1)

R is the gas constant (J K-1 mol-1)
T is the temperature (K)
As the voltage is swept to the right, Q, the ratio of products to reactants begins to
change. The resulting change in equilibrium causes a current to flow, as the working
electrode is reduced. At some point, the diffusion layer around the working electrode has
grown to the point that the flux of the reactant no longer satisfies the Nernst Equation.
The peak is observed at this point, and the current begins to decrease after the peak.
As seen in Figure 2.2, the peak current, 𝐸𝑝𝑐 , is dependent on the scan rate, v.

Figure 2.2. Scan rate, v, versus peak current, 𝐸𝑝𝑐 (Administrator).

This relationship is explained using the Randles-Sevcik Equation (“Linear”).

|𝐸𝑝𝑐 | = 0.4463𝑛𝐴𝐹𝐶𝑏𝑢𝑙𝑘 (

Where:
13

𝑛𝐹𝑣𝐷 1
)2
𝑅𝑇

(2.2)

A is the electrode area (cm2)
Cbulk is the concentration (mol L-1)
D is the diffusion coefficient (cm2 s-1)

2.1.2 Electrochemical Impedance Spectroscopy

Resistance is a measure of the opposition to current flow in an electrical circuit.
Ohm’s Law describes the linear relationship between voltage, current, and resistance as:

𝑉 = 𝐼𝑅

(2.3)

Where:
I is the current (A)
R is the resistance (Ω)
V is the voltage (V)

While beneficial, Ohm’s Law only applies to circuits with an ideal resistor. Ideal
resistors have the following limitations: it follows Ohm’s law at all currents and voltages,
it has a resistance value independent of frequency, and the AC current and voltage signals
through a resistor are in phase with each other.
However, most circuits exhibit a more complex behavior than those which
comply with Ohm’s Law. In these complex circuits, Ohm’s Law does not apply, and in
the place of resistance, impedance is used. Impedance is defined as the ability to resist the
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flow of an electric current without the limitations of Ohm’s Law. Impedance can be
viewed as the resistance of a complex circuit (Cepeda Arque, p. 20).
Electrochemical Impedance Spectroscopy (EIS) is an electrochemical technique
that observes changes in impedance caused by small amplitude alternating current
disturbances. As a non-destructive technique, EIS can provide time dependent
information during the process.
During EIS, the impedance is measured by applying an AC potential to an
electrochemical cell and measuring the current. The amplitude of the AC potential must
be small enough to maintain a pseudo-linearity through the system.
In linear systems, the current response of a sinusoidal potential will be a shifted
sinusoid of the same frequency, as seen in Figure 2.3.

Figure 2.3. Relationship between potential input and current output (Cepeda Arque, p.
22).
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The potential input, or excitation signal is expressed as:

𝑉 = 𝑉0 cos(𝜔𝑡)

(2.4)

𝐼 = 𝐼0 cos (𝜔𝑡 − 𝜑)

(2.5)

Where:
t is the time (s)
V0 is amplitude (m)
ω is the frequency (Hz)

The output current is expressed as:

Where:
I0 is the output current (A)
φ is the phase angle (degrees)
Using these equations from voltage and current, Ohm’s Law can be rearranged to
give an expression for the impedance as seen below:

𝑍=

𝑉
𝑉0 cos(𝜔𝑡)
cos(𝜔𝑡)
=
= 𝑍0
𝐼 𝐼0 cos (𝜔𝑡 − 𝜑)
cos (𝜔𝑡 − 𝜑)

Where:
Z is the impedance (Ω)
16

(2.6)

Typically, EIS data that represents the behavior of the system are plotted in
Nyquist and Bode plots. In a Nyquist plot, the imaginary part of impedance is plotted
against the real part. These points vary as the frequency changes. In a Nyquist plots, the
frequency increases from right to left in the plot (Wu, p. 1739). The point that intersects
the x-axis on the left side of the plot is the electrolyte resistance. The point that intersects
the x-axis on the right side of the plot is the charge transfer resistance. Figure 2.4 depicts
a typical Nyquist plot.

Figure 2.4. Nyquist Plot (Cepeda Arque, p. 24).

In a Bode plot, the phase and amplitude of the impedance are plotted as a function
of frequency. A typical Bode plot is shown below in Figure 2.5:
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Figure 2.5. Bode Plot (Cepeda Arque, p. 24).

2.1.3 Open Circuit Potential

Open Circuit Potential (OCP) is a passive electrochemical technique that is
conducted by measuring the potential difference, in volts, between the reference and
working electrode. The equation for the OCP is shown below (“Open”):

𝐸𝑂𝐶𝑃 = 𝐸𝑊𝑜𝑟𝑘𝑖𝑛𝑔 − 𝐸𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

(2.7)

As a passive experiment, the OCP is based purely on the thermodynamic
properties of the system. At a constant OCP, no current is flowing for the system, and it is
in a pseudo-equilibrium state. As such, a constant OCP (±5 mV or less) over a long
duration indicates that a system in thermodynamically stable enough for perturbation18

based experiments. Therefore, OCP should be one of the first electrochemical
characterization techniques conducted during an experiment (“Open”.)
OCP is also known as the corrosion potential. The corrosion potential is the
potential applied when no current is flowing. At this point, the rate of oxidation and
reduction reactions is equal. By changing the potential of the system from the
OCP/corrosion potential, a current will flow, meaning either oxidation or reduction is
occurring (“Corrosion”).
Using the OCP and the Nernst equation, the ratio of oxidized to reduced species
can be calculated.
The OCP can be used to determine the ratio of oxidized to reduced species within
a system by rearranging the Nernst equation to the following form (“Open”):

𝑛𝐹

𝑒 𝑅𝑇(𝐸−𝐸

0)

=𝑄

(2.8)

2.2 Instrumentation

The experiments detailed in this paper were conducted using a Metrohm Autolab
PGSTAT 128N potentiostat/galvanostat. Using Nova 2.1.4 software (“Nova.”), the
Metrohm Autolab PGSTAT 128N potentiostat/galvanostat was operated in potentiostatic
mode. All experiments were conducted at room temperature.
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As a non-destructive technique, the open circuit potential (OCP) was the first
electrochemical characterization technique performed. The OCP was monitored until the
system was determined to be thermodynamically stable. Following monitoring OCP,
electrochemical impedance spectroscopy (EIS) was then conducted. This was done by
changing the frequency from 100,000 Hz to 0.01 Hz with an amplitude of 0.005V. EIS is
also a non-destructive technique, and thus was done before linear sweep voltammetry
(LSV). LSV was performed by sweeping from -1 to +2 V at a sweep rate 1 mV s-1 with
respect to the OCP.
Measured potentials were corrected versus the Standard Hydrogen Electrode by
adding the standard potential of the reference electrode, and by using equation Nernst
Equation to correct for the pH, as seen below:

𝐸𝑆𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 𝐸 0 + 0.0591𝑝𝐻

(2.10)

This equation is very similar to equation (2.1). However, equation (2.10) accounts
for the reference electrode potential. For Ag/AgCl reference electrode stored in saturated
KCl, the potential is 0.210V (“Reference”).
During the LSV experiments, measurements were iR-compensated. This was
done by taking the system impedance at 100,000 Hz, taking to be the solution resistance,
and multiplying this by the current at each data point. This value was then subtracted
from each measured potential as seen in the equation below:

𝐸𝑆𝐻𝐸,𝑖𝑅−𝐶𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑒𝑑 = 𝐸𝑆𝐻𝐸 − 𝐼𝑍100,000 𝐻𝑧 − 𝐸𝑂𝐶
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(2.11)

The data is iR-compensated to account for the solution resistance. iRcompensation must be done in non-ideal electrochemical systems, particularly systems
with low electrolyte conductivities (“IR”).
Additionally, two points each were chosen in the anodic and cathodic current
regions and used to linearly fit the data to Tafel equations. These equations were used to
predict corrosion rates. Each experiment was carried out in triplicate, and the average
values are reported.
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CORROSION MECHANISMS

3.1 Thermodynamics

Thermodynamics is described in physics as the study of the relationship between
heat and work. The reason why this relationship is important is because both terms are
dependent of each other. Energy can be put in a system to generate work or work can be
put in a system to generate energy.
However, corrosion is easier to understand by looking at the chemical definition
of thermodynamics. This is because when observing the reaction of molecules, energy
may simply be lost to the surrounding without doing useful work. Because of enthalpy,
systems always go to lower energy if possible.
Therefore, there must be enough energy applied to a system for a reaction to
happen. It is useful to think of reactions as “going downhill” or “going uphill” because
one of these situations should seem inherently easier than the other.
Going downhill occur very easily and is what is called exothermic reactions;
while endothermic reactions are harder to happen as going uphill. Reactions that are
energetically “uphill” cannot happen easily by themselves.
Those reactions must be powered by other reactions that are going downhill. The
energy traded between these reactions keep chemical reactions going. It can then be
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established that thermodynamics is concerned with the overall energy change from the
beginning of a reaction to the end.
For example, in corrosion, a piece of metal in contact with air will eventually
corrode but really slowly because there is not enough energy. In the other hand, if the
piece of metal is placed in a container with acid, more than enough energy will be
supplied for corrosion to happen in a relatively short manner of time. Because the term
“time” is being announced, chemical kinetics is now introduced (Roberge, p. 49).

Figure 3.1. Visualization of corrosion mechanisms (Roberge, p. 44).
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One of the most important equations of the thermodynamics of corrosion is the
Nernst Equation. To derive the Nernst Equation, it is important to first understand how
electrical work is related to chemical potential. The following equation defines this
relationship (Roberge, p. 49):

𝛥𝐺 = −𝑛𝐹𝐸

(3.1)

Where:
E is the cell potential (V)
F is Faraday’s constant (C mol-1)
G is the Gibb’s free energy (J mol-1)
n is the number of electrons
Gibbs free energy is calculated in relation to the standard state free energy of a
reaction, which can typically be found from a table. The relationship is defined by the
equation:

𝛥𝐺 = 𝛥𝐺° + 𝑅𝑇𝑙𝑛𝑄𝑟𝑥𝑛

Where:
𝐺° is the standard free energy (J mol-1)
Qrxn is the ratio of products to reactants
R is the gas constant (J mol-1 K-1)
T is the temperature (K)
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(3.2)

It is important to also note that only aqueous components and gases affect the
reaction quotient. Pure solids and liquids are excluded from the term. By combining the
equations of Gibbs free energy being related to electrochemical potential and its
relationship to the standard state free energy, the following equation is derived (Roberge,
p. 54):

−𝑛𝐹𝐸 = −𝑛𝐹𝐸 𝑜 + 𝑅𝑇𝑙𝑛𝑄𝑟𝑥𝑛

(3.3)

Where:
Eo is standard potential (V)
From this point, simple algebra can be applied to derive the Nernst Equation by
implementing all the constants:

𝑅𝑇
𝑙𝑛𝑄𝑟𝑥𝑛
𝑛𝐹

(3.4)

0.059
𝑙𝑜𝑔𝑄𝑟𝑥𝑛
𝑛

(3.5)

𝐸 = 𝐸𝑜 −

Which simplifies to:

𝐸 = 𝐸𝑜 −

This is the same equation seen earlier as equation (2.1) (Roberge, p. 54).
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3.2 Kinetics

Chemical kinetics study how quickly the reaction is going to occur. Kinetics is
important in understanding reactions. If changed in conditions affect the speed of
reaction, then there is something to learn from the reaction.
As in the example mentioned before, chemical reactions vary greatly in the speed
at which they occur. Some are essentially instantaneous, like some metals in acid, while
others may take years to reach equilibrium. A study of a reaction’s kinetic begin with the
measurement of its reaction rate.
Reaction rate is the measure of the change in concentration of the reactants or the
change in concentration of the products per unit time. The rate/velocity at which a
reaction approaches its equilibrium position is determined by the change in concentration
of one reactant or one product as a function of time.
The Tafel equation is used to predict corrosion currents. The cathodic and anodic
currents are what drive the corrosion processes. The thermodynamics fixes the direction
and kinetics determines the rate of the reaction. Various equilibrium potentials occur
during the corrosion reactions. The difference between the resultant potential (E) and
each individual reaction equilibrium potential (Eeq) is called polarization and is quantified
in terms of overpotential (η) (Roberge, p. 85):

η = E − 𝐸𝑒𝑞
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(3.6)

Where:
η is the activation overpotential (V)
The equilibrium potential constant is dynamic, therefore no net current flows
across the electrode, and both reduction and oxidation occur at equal rate
(“Verification”).

𝐼0 = 𝐼𝐴 = −𝐼𝐶

(3.7)

Where:
I0 is the exchange current density (mA cm-2)
IA is the anodic current density (mA cm-2)
IC is the cathodic current density (mA cm-2)
At the electrode surface, the redox reaction occurs. The reaction rates of the
forward direction and backward direction will depend on the applied potential at the
electrode.

αnF
(𝐸 − 𝐸𝑒𝑞) ]
𝑅𝑇

(3.8)

(1 − α)nF
(𝐸 − 𝐸𝑒𝑞) ]
𝑅𝑇

(3.9)

𝑘𝑓 = 𝑘0 exp [−

𝑘𝑏 = 𝑘0 exp [−

Where:
kb is the backward direction of the reaction
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kf is the forward direction of the reaction
ko is the standard heterogeneous rate constant
α is the transfer coefficient (which at equilibrium equals 0.5)
From the Nernst equation (“Verification”):

𝐸 − 𝐸𝑒𝑞 =

𝑅𝑇
𝐶𝑂
ln [ ]
𝑛𝐹
𝐶𝑅

(3.10)

Where:
CO is the concentration of oxidant (mol L-1)
CR is the concentration of reductor (mol L-1)
For a reaction to happen, a net current should flow and a net reaction either
oxidation or reduction will occur. Relating the current and the applied potential, yields
the Butler-Volmer equation (Roberge, p. 88):

2.303(𝐸 − 𝐸𝑐𝑜𝑟𝑟 )
−2.303(𝐸 − 𝐸𝑐𝑜𝑟𝑟 )
𝐼 = 𝐼𝑐𝑜𝑟𝑟 [exp (
) − exp (
)]
𝛽𝑎
𝛽𝑐

Where:
Ecorr is the corrosion potential (V)
Icorr is the corrosion current (A)
𝛽𝑎 is the anodic Tafel slope (V decade-1)
𝛽𝑐 is the cathodic Tafel slope (V decade-1)
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(3.11)

At the condition of over potential being highly negative, cathodic current density
increases while anodic current density becomes negligible. At this stage, the first term in
Butler-Volmer equation becomes negligible and the equation can be written as (Roberge,
p. 90):

−2.303(𝐸 − 𝐸𝑐𝑜𝑟𝑟 )
I = 𝐼𝐶 = −𝐼𝑐𝑜𝑟𝑟 {exp (
)}
𝛽𝑐

(3.12)

When the over potential is higher than above 52 mV (“Verification”), this
equation shows that the increase in current is exponential with over potential and that the
current also depends on IO. This equation will be then called Cathodic Tafel equation:

−2.303(𝐸 − 𝐸𝑐𝑜𝑟𝑟 )
𝑙𝑜𝑔𝐼𝐶 = (
) + 𝑙𝑜𝑔𝐼𝑐𝑜𝑟𝑟
𝛽𝑐

(3.13)

Similarly, at positive over potentials higher than 52 mV (“Verification”), anodic
current density is much higher than cathodic, and the cathodic current density becomes
negligible. Hence, this other equation will be the Anodic Tafel equation:

2.303(𝐸 − 𝐸𝑐𝑜𝑟𝑟 )
𝑙𝑜𝑔𝐼𝑎 = (
) + 𝑙𝑜𝑔𝐼𝑐𝑜𝑟𝑟
𝛽𝑎
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(3.14)

The Tafel slopes can be used to calculate the polarization resistance, a measure of
the resistance to oxidize the sample at an applied external potential, by using the
following equation (Roberge, p. 112):

𝑅𝑝 =

𝛽𝑎 ∗ 𝛽𝑐
2.303𝑖𝑐𝑜𝑟𝑟 (𝛽𝑎 + 𝛽𝑐 )

(3.15)

Where:
Rp is the polarization resistance (Ω)
Additionally, the corrosion rate can be calculated using the Tafel slopes by using the
following equation (Wong, p. 2):

𝐶𝑅 = 𝑘

𝑖𝑐𝑜𝑟𝑟
𝐸𝑊
𝑑

Where:
CR is the corrosion rate (mm y-1)
d is the density of the sample (g cm-3)
EW is the equivalent weight (g mol-1)
k is a conversion factor (3270 mol A-1 y-1)
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(3.16)

3.3 Transport

Momentum, heat, and mass transfer are the three core concepts involved in
transport phenomena. Diffusion is the transport of mass that occurs due to a gradient in
chemical potential of a component in the system. Simply put, diffusion is the movement
of a substance from an area of high concentration to an area of low concentration. It is an
important process because it is how substances move in and out of cells. Following the
example mentioned above, diffusion is the reason why the piece of metal corroded
entirely and not just where the oxidation happened.
In gases and liquids, particles move randomly from place to place. The particles
collide with each other or with their container. This makes them change direction.
Eventually, the particles are spread through the whole container. Diffusion happens on its
own, without stirring, shaking, or wafting.
In many processes, diffusion occurs simultaneously with other phenomena, such
as chemical reactions. When diffusion is the slowest phenomena, it limits the overall rate
of the process.
Generalized Fick’s law uses the concentration gradient as the driving force for
diffusion. Diffusion is driven by decrease in Gibbs free energy or chemical potential
difference. Therefore, diffusion is always along chemical potential gradient. Meaning that
diffusion stops when chemical potential of all species everywhere is equal. For the
derivation of the Fick’s first law, let us assume a forward rate of the reaction (Zang):
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𝑒

−∆𝐺 𝐴⁄
𝑅𝑇

∆𝐺
| |
𝑅𝑇

(3.17)

Where:
ΔGA is the activation barrier (J mol-1)
The change in Gibbs free energy is determined by the change in chemical potential from
point “x” to point “x+a”, as seen below:

∆𝐺 = 𝐺(𝑥 + 𝑎) − 𝐺(𝑥) = µ(𝑥 + 𝑎) − µ(𝑥)

(3.18)

Where:
μ(x) is the chemical potential at “x” (J mol-1)
The change in Gibbs free energy can be visualized below in Figure 3.2

Figure 3.2. Visualization of change in Gibbs free energy (Zang).
The chemical potential at point “x+a” can be written as seen below:

µ(𝑥 + 𝑎) = µ(𝑥) + 𝑎
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𝑑µ(𝑥)
𝑑𝑥

(3.19)

Equation (3.18) can be rewritten in the following form:

∆𝐺 µ(𝑥 + 𝑎) µ(𝑥)
𝑎 𝑑µ
=
−
=
𝑅𝑇
𝑅𝑇
𝑅𝑇
𝑅𝑇 𝑑𝑥

(3.20)

Taking into consideration vibrational frequency defined as, ν, then an atom will
have enough energy in unit time to overcome the barrier a number of times. In a threedimensional space, an atom can jump in six equivalent directions (±x, ±y, ±z) in one
second, therefore (Zang):

𝑅𝑎𝑡𝑒 =

𝜐 −∆𝐺𝐴⁄
𝑎 𝑑µ
𝑅𝑇 (−
)
𝑒
6
𝑅𝑇 𝑑𝑥

(3.21)

Where:
𝜐 is the vibrational frequency (s-1)
Let n(x) be the number of atoms per unit area at x, then the net flux along “x” is:

𝜐 −∆𝐺𝐴⁄
𝑎 𝑑µ
𝑅𝑇 (−
)
𝐽 = 𝑛(𝑥) 𝑒
6
𝑅𝑇 𝑑𝑥

Where:
J is the flux (mol cm-2 s-1)
n is the number of atoms per unit area (mol cm-2)
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(3.22)

The number of atoms per unit area can be written as the concentration multiplied
by the change in distance “a”: g

𝐽=−

𝑎2 𝜐 −∆𝐺𝐴⁄
𝑐(𝑥) 𝑑µ
𝑅𝑇 (
)
𝑒
6
𝑅𝑇 𝑑𝑥

(3.23)

From classical thermodynamics, the chemical potential can be expressed as
(Zang):

µ(𝑥) = µ0 + 𝑅𝑇𝑙𝑛𝑎(𝑥) = µ0 + 𝑅𝑇𝑙𝑛𝛾𝑐(𝑥)

(3.24)

Where:
a(x) is activity of solute at x
γ is the activity coefficient
µ0 is the standard chemical potential (J mol-1)
Deriving equation (3.24) yields:

𝑑µ
𝑅𝑇 𝑑𝑐(𝑥)
=
𝑑𝑥 𝑐(𝑥) 𝑑𝑥

Substituting this equation into equation (3.23) results in:
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(3.25)

𝑎2 𝜐 −∆𝐺𝐴⁄
𝑑𝑐(𝑥)
𝑅𝑇 (
)
𝐽=−
𝑒
6
𝑑𝑥

(3.26)

The first term of equation (3.26) can be set equal to “D,” which is the diffusion
coefficient. Substituting the diffusion coefficient results in the following equation, also
known as Fick’s First Law of Diffusion (Zang):

𝑑𝑐(𝑥)
)
𝐽 = −𝐷 (
𝑑𝑥

(3.27)

Where:
D is the diffusion coefficient (cm2 s-1)
As seen in equations (3.26-27) the diffusion coefficient is proportional to the
temperature. Since the flux is proportional to the diffusion coefficient, the flux is also
proportional to the temperature. Additionally, the flux is proportional to the concentration
gradient. These two factors heavily impact the rates of diffusion and the flux through a
given area.
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RESULTS

4.1 Open Circuit Potential

The half-cell reaction of copper corrosion can be written as:

𝐶𝑢2+ (𝑎𝑞) + 2𝑒 − ↔ 𝐶𝑢(𝑠)

(4.1)

The standard reduction potential of this reaction is 0.34V (Libretexts.
“Standard”). At a value of 0.34V both reactions, oxidation and reduction, will be in
equilibrium.
Experimentally, standard reduction potentials are determined using a SHE. A
SHE is placed on one side of a galvanic cell, with the unknown chemical species being
placed on the other. Using a voltmeter, the potential difference from the hydrogen
reaction, 0.000 V, can be determined. This setup is depicted in the figure below.
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Figure 4.1. Galvanic cell used to measure standard reduction potentials.

Metals with a positive standard reduction potential, simply put, are more
corrosion resistant than metals with a negative standard reduction potential. A positive
standard reduction potential implies that the reduced state is more thermodynamically
stable than the oxidized state, and thus has a positive voltage. Stable metals, such as
platinum and silver have a standard reduction potential of 1.20 V and 0.80 V,
respectively (Libretexts. “Standard”). Reactive metals, such as iron and zinc, have
standard reduction potentials of -0.44V and -0.76 V, respectively.
The same principles apply to the open circuit potential as they do to the standard
reduction potential. A negative open circuit potential implies that the working electrode
favors the oxidized state and will corrode. A positive open circuit potential implies that
the working electrode favors the reduced state and will not corrode.
For each of the three electrolytes, salt water, tap water and deionized water, the
open circuit potential was measured. The duration of each measurement was varied, as to
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determine the necessary time to reach thermodynamic equilibrium for each of the
systems.
The OCP was measured continuously in the saltwater solution for 10 minutes, 1
hour, and 24 hours, with the results displayed below in Figure 4.2. The system is
determined to be thermodynamically stable if the OCP remains constant (±5 mV or less)
for an extended duration. The 10 minute and 1 hour plots revealed that the OCP had not
yet stabilized. The 24 hour plot revealed that the OCP remained between -0.19 V and 0.195 V from approximately six hours through the remainder of the experiment.
Therefore, it necessary that the system remain undisturbed for six hours prior to any
perturbation based experiments.
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Figure 4.2. Copper OCP in saltwater solution after 10 minutes, 1 hour, and 24 hours.
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The OCP for each duration in the saltwater solution was negative. The OCP after
10 minutes was -0.162 V, the OCP after 1 hour was -0.171 V and the OCP after 24 hours
was -0.192 V. Based on the OCP values, it is revealed that copper will corrode in
saltwater conditions. The OCP sharply declines early in the experiment as the surface
begins to oxide. As a passive layer forms, the OCP begins to flatten out, and reach a
pseudo-equilibrium state.
The OCP was measured continuously in the tap water solution for 10 minutes, 1
hour, and 24 hours, with the results displayed below in Figure 4.3. The 10 minute and 1
hour plots revealed that the OCP had not yet stabilized. The 24 hour plot revealed that the
OCP remained between 0.05 V and 0.10 V from approximately seven hours through the
remainder of the experiment. Therefore, it necessary that the system remain undisturbed
for seven hours prior to any perturbation based experiments.
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Figure 4.3. Copper OCP in tap water solution after 10 minutes, 1 hour, and 24 hours.
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The OCP for each duration in the tap water solution began at a negative value.
However, for each experiment, the OCP increased to a greater value, with the 24 hour
experiment resulting in a positive OCP. Based on the data in Figure 4.3, copper will
initially corrode in tap water, but will eventually reach equilibrium with a positive OCP,
and will not corrode.
The OCP was measured continuously in the deionized water solution for 10
minutes, 1 hour, and 24 hours, with the results displayed below in Figure 4.4. All three
plots revealed that the OCP had not yet stabilized. However, it appears that all three plots
were trending to a value around 0.01V. Due to the OCP not stabilizing, it is necessary
that the system remain undisturbed for twenty-four hours prior to any perturbation based
experiments.

10 min
1 hour
24 hours

0.2

WE Potential (V)

0.1

0.0

-0.1

-0.2

10

100

1000

10000

100000

log(time(s))

Figure 4.4. Copper OCP in deionized water solution after 10 minutes, 1 hour, and 24
hours.
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The OCP for the 24 hour duration in the deionized water solution began at a
negative value. However, at the conclusion of each experiment, the OCP stabilized at a
positive potential. Based on the data in Figure 4.4, copper may initially corrode in
deionized water, but will eventually reach equilibrium with a positive OCP, and will not
corrode.

4.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) was conducted in triplicate for
copper samples in saltwater, tap water and deionized water. The experiments were
conducted by varying the frequency from 100,000 Hz to 0.01 Hz with an amplitude of
0.005V. Figure 4.5 depicts the Nyquist and Bode plots for the saltwater solution. Figure
4.6 depicts the Nyquist and Bode plots for the tap water solution. The square dots in the
Bode plots represent the resistance, while the circular dots represent the phase.

Figure 4.5a and 4.5b. Nyquist and Bode Plots for saltwater electrolytes.
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Figure 4.6a and 4.6b. Nyquist and Bode Plots for tap water electrolytes.

Using the EIS Spectrum Analyzer (Bondarenko), an equivalent circuit was
modeled for both the saltwater and tap water solutions. Equivalent circuits are modeled
based on the EIS data and represent how the system behaves in terms of common
electrical elements.
The equivalent circuits for the EIS data gathered from the salt water and tap water
experiment can be seen below in Figure 4.7. The equivalent circuit is identical for both
solutions; however, the value of each element is different.

Figure 4.7. Equivalent circuit based on saltwater and tap water EIS data (Bondarenko).
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The equivalent circuit consists of three resistors, R1, R2 and R3, two constant
phase elements, CPE1 and CPE2 and one Warburg element, W. Constant phase elements
act as non-ideal capacitors within an electric circuit. The Warburg element is the
parameter that controls the reaction rate from a diffusion point of view (Burduhos-Nergis,
p. 9).. Each component of the equivalent circuit contributes to the impedance and phase
shift.
Resistors have a phase shift of zero degrees. Additionally, the impedance of a
resistor does not vary as a function of frequency but remains constant, as seen below.

𝑍 ′ (𝜔) = 𝑅

(4.2)

Where:
R is the resistance (Ω)
As seen in equation (4.2), resistors only contribute to the real part of impedance,
Z’ (Bondarenko).
The phase shift attributed to the constant phase element is not an exact value.
Capacitors have a phase shift of 90 degrees. However, since constant phase elements
essentially function as non-ideal capacitors, they have a phase shift around 90 degrees,
but not exactly defined.
Unlike resistors, the impedance of a constant phase element does vary with
respect to frequency, as seen below.
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𝑍(𝜔) =

1
𝑃(𝑗 ∗ 𝜔)𝑛

(4.3)

Where:
j is an imaginary unit
n is an empirical constant of the CPE
P is the admittance of an ideal capacitance of the CPE (S sn)
ω is the angular frequency (rad s-1)
The constant phase element contributes only to the real part of impedance, Z’
(Bondarenko). Constant phase elements have empirical constants between 0.5 and 1. An
empirical constant of 0 represents an ideal resistor, an empirical constant of 1 represents
an ideal capacitor. When the empirical constant is 0.5, the constant phase elements is the
equivalent of the Warburg element (“Electrochemical”).
The Warburg element contributes equally to both the real, Z’, and imaginary, Z’’,
parts of impedance. The Warburg elements corresponds to a 45 degrees phase shift. The
equations for the real and imaginary impedances can be seen below.

𝑍 ′ (𝜔) =

𝑊
𝜔 0.5

𝑍 ′′ (𝜔) = −
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𝑊
𝜔 0.5

(4.4)

(4.5)

Where:
W is the Warburg coefficient (Ω s-0.5)
As seen in equations (4.4-5) the Warburg element varies with respect to frequency
(Bondarenko). The Warburg element is determined via iterations; however, the Warburg
element can be calculated using the following equation.

𝑊=

𝑅𝑇

1

[

𝑛2 𝐹 2 𝐴√2 √𝐷𝑂 𝐶𝑆,𝑂

+

1
√𝐷𝑅 𝐶𝑆,𝑅

]

(4.6)

Where:
A is the electrode surface area (cm2)
CS,O is the surface concentration of the oxidized form (mol L-1)
CS,R is the surface concentration of the reduced form (mol L-1)
DO is the diffusion coefficient of the oxidized form (cm2 s-1)
DR is the diffusion coefficient of the reduced form (cm2 s-1)
F is Faraday’s constant (C mol-1)
n is number of electrons
R is the gas constant (J mol-1 K-1)
T is the temperature (K)
Using these equations and each component’s respective phase shifts, values for
each component can be calculated and compared to the gathered data.
This equivalent circuit represents a corrosion metal coated with a non-conducting
layer in which the corrosion process is carried out under a mixed kinetic and diffusion
control (Burduhos-Nergis, p. 9). Solution components form on the surface of the freshly
45

polished sample, and acts as a barrier to electron transfer, therefore making it diffusion
limited.
In this equivalent circuit, R1 is the resistance of the solution. R2 and CPE1 are the
resistance and constant phase element of the coating layer. R3 and CPE2 are the
resistance and constant phase element of the electric double layer. R3 and CPE2 control
the reaction from a kinetics point of view. W1 controls the reaction from a diffusion point
of view (Burduhos-Nergis, p. 10). The values of these parameters for this equivalent
circuit can be seen below in Table 4.1.

Table 4.1. The values of the equivalent circuit for the saltwater electrolyte.
Element

R1

R2

Unit

Ω

Ω

Saltwater

57.13

388.82

% Error
Tap
Water
% Error

0.66%

2.46%

3765.3

30820

3.05%

9.73%

CPE1
P1
S sn
6.77E06
1.00%
1.97E06
6.00%

R3

n1
-

Ω

0.88

5982.3

0.15%

0.88%

0.77

2.25E05

1.45%

8.51%

CPE2
P2
S sn
5.64E05
1.16%
7.99E06
8.85%

W

n2
-

Ω s-0.5

0.61

326.19

0.48%

5.67%

0.69

0.445

5.78%

0.00%

As seen in Table 4.1, the percent error for each of the elements is small.
Therefore, this equivalent circuit and calculated values are taken to be a good fit, and
accurately model copper corrosion in a saltwater and tap water solution. However, the
saltwater circuit appears to have a slightly better fit.
Based on the data from Table 4.1, the solution resistance of the saltwater solution
was calculated as 57.13 Ω. For the tap water solution, the solution resistance was 3765.3
Ω. These values are close to the value measured during the EIS experiment.
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In both cases, the resistance of the phase coating layer, R2, was significantly less
than the resistance of the electric double layer, R3. Therefore, the effect of the coating
layer was rather insignificant. It is likely that the coating was a thin oxide layer, which
formed during the OCP experiment. Or, in the case of the saltwater experiment, a cluster
of Cl- ions gathering near the copper surface.
The parameters for both constant phase elements are detailed above. The constant
phase element of the coating layer behaved more similarly to an ideal capacitor than the
constant phase element of the electric double layer, as evidenced by the greater “n” value.
Once the double layer had grown significantly large, the reaction became
diffusion controlled. The Warburg element modeled this diffusion limitation and can be
visualized in Figure 4.4a as the “tail” on the right side of the Nyquist plot.
Figure 4.8 depicts the Nyquist and Bode plots for the deionized water solution.
The impedance of this solution was much greater than both the saltwater and tap water
solutions. There are fewer ions in deionized water than in both saltwater and tap water,
and thus this result was expected.
The deionized water solution was modeled as an equivalent circuit using the EIS
Spectrum Analyzer (Bondarenko). While the values of the elements of the equivalent
circuit differed, the equivalent circuit was identical for both the tap water and deionized
water solutions. The equivalent circuit can be seen below in Figure 4.9.

47

1000000
50

350000

45
300000

800000
40

250000

Z (Ω)

-Z'' (Ω)

30

150000

25
400000
20

100000

-Phase (°)

35
600000

200000

15
200000

50000

10
5

0

0
0

-50000
0

200000

400000

600000

800000

0.01

Z' (Ω)

0.1

1

10

100

1000

10000

100000

Frequency (Hz)

Figure 4.8a and 4.8b. Nyquist and Bode Plots for tap water electrolytes.

Figure 4.9. Equivalent circuit based on tap water EIS data (Bondarenko).

The equivalent circuit consists of three resistors, R1, R2 and R3, two constant
phase elements, CPE1 and CPE2 and one Warburg element, W. These were the same
elements that were in the equivalent circuit for the saltwater and tap water solutions,
however the arrangements differed.
This equivalent circuit represents two separate reactions, one of which is diffusion
controlled. In both circuits, R1 is the resistance of the solution. R2 and CPE1 are the
resistance and constant phase elements of the electric double layer. R3, CPE2 and W
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represent some unknown diffusion controlled reaction. The values of the resistors,
constant phase elements, and Warburg element can be seen below in Table 4.2.

Table 4.2. The values of the equivalent circuit for the deionized water electrolyte.
Element

R1

R2

Unit
DI
Water
% Error

Ω

Ω

CPE1
P1
S sn

14346

5.36E05 5.11E-06

3.45%

18.40%

11.69%

n1
-

R3
Ω

0.69

1.10E05

5.54%

12.57%

CPE2
P2
S sn
8.04E07
9.78%

W

n2
-

Ω s-0.5

0.85

58103

2.34% 17.23%

As expected, the solution resistance, 14346 Ω, is much greater for the deionized
water solution than the saltwater and tap water solution. Unlike the saltwater and tap
water solutions, there is no coating on this copper sample. Therefore, R2 and CPE1
model the electric double layer. Based on the equivalent circuit, this reaction does not
appear to be diffusion controlled. With such a pure solution, a sufficient double layer may
not have formed, and therefore diffusion was not limiting.
R3, CPE2 and W model some secondary reaction within the solution. This
reaction is diffusion controlled, as noted by the Warburg element.
The constant phase element of the secondary reaction behaved more similarly to
an ideal capacitor than the constant phase element of the electric double layer, as
evidenced by the greater “n” value. This is similar to the equivalent circuits of the
saltwater and tap water solutions.
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4.3 Linear Sweep Voltammetry and Tafel Analysis

Linear sweep voltammetry was performed in triplicate for the saltwater, tap water,
and deionized water solutions and the average values were reported. LSV was performed
by sweeping from -1 to +2 V at a sweep rate 1 mV s-1 with respect to the OCP.
The LSV experiments were iR-compensated to account for the solution resistance
and non-ideality of the electrochemical cell. This is particularly important in systems
with low electrolyte conductivities, such as the tap water and deionized water systems.
Two points were also chosen from the anodic and cathodic regions and used to
linearly fit data to the Tafel equations. These equations were used to predict the corrosion
rates. Additionally, the corrosion current, corrosion potential, and polarization resistance
were measured. These measurements were all performed using Nova 2.1.4 (“Nova”).
The LSV plots for the saltwater, tap water and deionized water can be seen below
in Figure 4.10.
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Figure 4.10. LSV for saltwater, tap water and deionized water solutions.
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For each of the solutions, the current remains at approximately 0.000 A from -1 V
to -0.1V. This indicates that no reactions are occurring, and therefore, no electrons are
flowing. Around -0.1 V, the current of the copper working electrode begins to increase in
the saltwater solution. At this voltage, copper is beginning to oxide, which is created a
flow of electrons.
The current increases until it reaches a peak, around 0.11V. From -0.1 V to 0.11
V, the change in current is modeled by the Nernst equation. However, following this
peak, the current sharply falls off. This indicates that a diffusion layer has grown
sufficiently large on the surface of the electrode, causing the flux of the reactant to not be
fast enough to satisfy the Nernst equation (Administrator). Following the peak, the
current models the behavior of that predicted by the Cottrell equation, seen below
(“Cottrell”).

𝑖=

𝑛𝐹𝐴𝑐𝑗0 √𝐷𝑗
√𝜋𝑡

(4.7)

Where:
𝑐𝑗0 is the initial concentration of the reducible analyte j (mol cm-3)
𝐷𝑗 is the diffusion coefficient for species j (cm2 s-1)
t is the time (s)
The current in the copper working electrodes in the tap water and deionized water
begins to rise around 0.16 V and 0.17 V, respectively. Due to the lower ion
concentrations in both solutions than in the saltwater, the current was expected to
increase slower and begin at a larger potential.
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Unlike the sample in the saltwater solution, the current of the samples in the tap
water and deionized water solutions never reaches a peak. This indicates that the
diffusion layer was not thick enough to significantly impact the flux of the reactant. The
current increased linearly in both solutions, in accordance with the Nernst equation. If the
voltage had be swept to a larger potential, a peak would likely have been seen,
representing a thick diffusion layer.
Using the data from the LSV plots, a Tafel analysis can be conducted using the
equations described in section 3.3. The Tafel plots are generated using the data gathered
from the LSV experiment and are a plot of the working electrode potential and the log of
the working electrode current.
From the Tafel plots, two points were taken on the anodic and cathodic sides.
These measurements were used to calculate the corrosion rate, corrosion current,
corrosion potential and polarization for each of the working electrode samples in each of
the saltwater, tap water and deionized water solutions. The values are reported as an
average of all the samples tested. The Tafel plots can be seen been in Figure 4.11.
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Figure 4.11. Tafel plots for saltwater, tap water and deionized water solutions.

The inverted peaks of each of the Tafel plots represents the corrosion potential.
As expected, the inverted peak of the saltwater solution is shifted further to the left than
either the tap water or deionized water inverted peaks. The tap water and deionized water
plots are nearly overlapping each other.
As noted in section 4.1, the corrosion potential is also known as the OCP.
Therefore, the value of the inverted peaks should closely match the OCP measured for
each solution. For the saltwater solution, the OCP was measured to be approximately 0.19 V, for the tap water solution, 0.01 V, and for the deionized water solution, 0.01 V.
These values closely align with the corrosion potentials, as seen in Table 4.3.
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Table 4.3. Tafel Analysis for the saltwater, tap water and deionized water solutions.
Solution
Saltwater
Tap Water
DI Water

Corrosion Rate
(mm/y)
0.3155 ±
0.0155
0.0819 ±
0.0067
0.04515 ±
0.0023

Icorr
(A)
2.684E-06 ±
1.321E-07
6.972E-07 ±
5.711E-08
3.841E-07 ±
1.969E-08

Ecorr
(V)
-0.1082 ±
0.0287
0.0082 ±
0.0064
-0.0083 ±
0.0035

RP
(Ω)
15468 ± 3512
81832 ± 3047
1.096E05 ±
9734

The Tafel analysis also reveals the corrosion rate and corrosion current.
Tangential lines can be drawn of the cathodic and anodic slopes of the Tafel plot by
picking two points on each side. The intersection of these lines determines the corrosion
current of the sample tested in the given electrolyte. The slopes of these lines are then
used to calculate the corrosion rate, using equation (3.16). An example of this
measurement can be seen below in Figure 4.12.

Figure 4.12. Example determination of corrosion current using Tafel slopes (“Getting”).
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The corrosion current, and therefore corrosion rate was greatest for the copper
sample submerged in the saltwater solution, with the corrosion rate averaging 0.3155
mm/y. The corrosion currents and corrosion rates for the copper submerged in the tap
water and deionized water were significantly less than those values measured for the
saltwater solution. The corrosion rate in the tap water solution was 0.0819 mm/y and
0.04515 mm/y in the deionized water solution.
The polarization resistance was also calculated via Tafel analysis and is calculated
using equation (3.15). Polarization resistance is defined as the resistance of a specimen to
oxidation during the application of an external potential (Toshev, p. 324). The
polarization resistance is inversely proportional to the corrosion current and, therefore,
the corrosion rate.
The copper sample submerged in the saltwater solution had the lowest
polarization resistance, with a value of approximately 15,500 Ω. The saltwater solution is
the most conductive and thus, the polarization resistance was the lowest. The tap water
had the second largest polarization resistance, a value of 81,800 Ω, while the deionized
water had a polarization resistance of 109,600 Ω. The deionized water has the lowest
conductivity, which contributed to its large polarization resistance.

4.4 Varying Counter Electrodes

A series of experiments was conducted in the saltwater solution in which the
reference electrode was changed, and the platinum counter electrodes were not cleaned.
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The purpose of these experiments was to determine the effects, if any, that one may see if
these steps were not properly followed.
Three different levels of counter electrodes were tested: clean, solvent clean, and
dirty. The clean counter electrode underwent solvent and electrochemical cleaning and
was the standard cleaning procedure. Solvently cleaned counter electrodes were only
sonicate in water and acetone, but not cleaned electrochemically. The dirty counter
electrodes were simply rinsed off with deionized water and reused.
For the non-destructive test of electrochemical impedance spectroscopy, the same
piece of copper was used, as an attempt to eliminate other variables. The Nyquist and
Bode plots for each experiment can be seen below in Figures 4.13 and 4.14.
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Figure 4.13. Nyquist plot of three varying levels of counter electrode cleanliness.
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Figure 4.14. Bode plot of three varying levels of counter electrode cleanliness.

As seen in Figures 4.13 and 4.14, there is very little variation between the counter
electrodes used. In the case of the Nyquist plot, the resistance of the fully cleaned counter
electrode is higher than both the solvently cleaned and dirty counter electrodes.
An equivalent circuit was modeled for each of the counter electrodes testing using
the EIS Spectrum Analyzer (Bondarenko) as seen in Figure 4.15. The equivalent circuit
was the same for each of the three counter electrodes. The equivalent circuit was also
identical to the saltwater and tap water equivalent circuits discussed in section 4.2, as
expected.
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Figure 4.15. Equivalent circuit based on varying counter electrode EIS data
(Bondarenko).

The values for each of the elements of the equivalent circuits can be seen below in
Table 4.4.

Table 4.4. The values of the equivalent circuit for the varying counter electrodes.
Element

R1

R2

Unit

Ω

Ω

Clean

57.13

388.82

% Error

0.66%

2.46%

Solvent

54.12

242.88

% Error
Dirty

1.10%
53.94

3.67%
575.53

% Error

1.11%

2.87%

CPE1
P1
n1
n
Ss
6.77E0.88
06
1.00% 0.15%
1.22E0.85
05
2.05% 0.31%
7.44E0.87
06
1.57% 0.23%

R3
Ω
5982.3
0.88%
6862.5
2.00%
5011
1.62%

CPE2
W
P2
n2
S sn
Ω s-0.5
5.64E0.61 326.19
05
1.16% 0.48% 5.67%
1.39E0.60 349.73
04
1.56% 0.79% 12.04%
6.75E0.65 386.11
05
2.16% 0.93% 7.48%

As seen in Table 4.4, the equivalent model closely matches the actual data, with a
low percent error for each of the elements. Additionally, there are no major outliers
between the same elements for different counter electrodes, indicated that each counter
electrode behaves similarly, regardless of cleaning procedure.
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The linear sweep voltammetry plots and Tafel plots can be seen below in Figures
4.16 and 4.17, respectively. As a destructive technique, each test had to use a different
piece of copper. As such, the experiments were run in triplicate to eliminate as much
variability as possible. The average values are reported below.
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Figure 4.16. LSV for varying counter electrodes.

The peaks in Figure 4.16 occur in a similar spot for each counter electrode,
around -0.05V. The current increases, as predicted by the Nernst equation, until
approximately 0.05V, and then falls off sharply (Administrator). Following the peak, the
currently drops off sharply, modeling the behavior predicted by the Cottrell equation
(“Cottrell”).
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Figure 4.17. Tafel plots for varying counter electrodes.

The Tafel plots determine the corrosion rate, corrosion current, corrosion
potential, and polarization resistance. The values for the varying counter electrodes can
be seen below in Table 4.5.

Table 4.5. Tafel Analysis for the varying counter electrodes.
CE Type
Clean
Solvent
Dirty

Corrosion Rate
(mm/y)
0.3155
0.3042
0.3217

Icorr
(A)
2.684E-06
2.588E-06
2.737E-06

Ecorr
(V)
-0.1082
-0.0382
-0.1211

RP
(Ω)
15468
12496
14358

In each case the corrosion rates, and therefore, corrosion currents were similar.
The solvently cleaned counter electrode deviated 3.63% from the fully cleaned counter
electrode. The dirty counter electrode deviated 1.93% from the full cleaned counter
electrode. Both the corrosion potential and polarization resistance were lowest for the
60

solvently cleaned counter electrode. While the values for corrosion potential and
polarization resistance for the clean and dirty counter electrodes were within 12.11% and
7.17%, respectively.

4.5 Other Experiments

In addition to the experiments conducted using copper in a saltwater, tap water
and deionized water solution, a series of other experiments were conducted. EIS, LSV,
and a Tafel analysis were conducted on 316L stainless steel in various mock wastewater
solutions. Additionally, L-PBF gas-atomized 25Cr7Ni stainless steel was tested in a
3.5wt% saltwater solution. The results of these experiments can be seen below.
The mock wastewater solution consisted of a variety of dissolved heavy metals,
including: potassium dichromate, sodium selenite, boric acid, cadmium chloride, and
copper (II) acetate. The composition of each of the mock wastewater solutions tested can
be seen below in Table 4.6.

Table 4.6. Mock wastewater compositions.
Solution #
15ppm
20ppm
25ppm

K2Cr2O7
15
20
25

Na2SeO3
15
20
25

H3BO3
15
20
25

CdCl2
15
20
25

Cu(CH3COO)2
15
20
25

The electrochemical impedance spectroscopy data for the stainless samples
working electrodes in the mock wastewater solutions can be seen below in Figures 4.18
and 4.19.
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Figure 4.18. Nyquist Plots for stainless steel electrodes in mock wastewater solutions.

As seen in Figure 4.18, all three of the solutions had similar solution resistances.
However, it was also revealed that the 25ppm mock wastewater solution had the lowest
charge transfer resistance, followed by the 20ppm mock wastewater solution. The 15ppm
mock wastewater solution had the greatest charge transfer resistance, as expected, since it
had the lowest ion concentration. Figure 4.19 confirms these results.
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Figure 4.19. Bode Plots for stainless steel electrodes in mock wastewater solutions.

Using the EIS Spectrum Analyzer (Bondarenko), an equivalent circuit was
modeled based on the stainless steel working electrodes in the mock wastewater
solutions. The equivalent circuit can be seen below in Figure 4.20.

Figure 4.20. Equivalent circuit based on stainless steel electrode EIS data (Bondarenko).

The equivalent circuit for the stainless steel in the mock wastewater solutions
contained two resistors, one constant phase element, and one Warburg element. This
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circuit is an example of a Randles cell. The constant phase element and second resistor
represent the electric double layer and control the reaction from a kinetics perspective.
The Warburg element controls the reaction from a diffusion perspective (BurduhosNergis, p. 9). The values for the elements in the equivalent circuit can be seen below in
Table 4.7 for each of the mock wastewater solutions.

Table 4.7. The values of the equivalent circuit for the stainless steel electrodes in mock
wastewater solutions.
Element

R1

R2

Unit
15ppm
% Error
20ppm
% Error
25ppm
% Error

Ω
7632.9
1.41%
6945
1.23%
6785
0.83%

Ω
4.997E05
6.14%
3.892E05
5.34%
2.274E05
2.28%

CPE1
P1
S sn
5.245E-06
1.87%
7.387E-06
1.43%
7.284E-06
1.23%

W
n1
0.77
0.80%
0.76
0.64%
0.77
0.57%

Ω s-0.5
59412
11.91%
37846
18.62%
4028
66.94%

The equivalent circuit results revealed the specific values for each circuit. The
solution resistance was measured to be the highest for the 15ppm solution. Additionally,
the charge transfer resistance is the highest for the 15ppm solution. The solution
resistance is comparable to that of tap water. It is also apparent the equivalent circuit may
be slightly ill-fitted, as evidenced in the large error in the Warburg element for the 25ppm
solution equivalent circuit.
Linear sweep voltammetry and a Tafel analysis were also conducted on the
stainless steel electrodes in the mock wastewater solutions. These results can be seen
below in Figures 4.21 and 4.22.
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Figure 4.21. LSV for stainless steel electrodes in mock wastewater solutions.

The LSV plots for each solution are relatively similar. The current only ranges
from -2.0E-05 A to 1.0E05. This indicates that there was little reaction on the stainless
steel surface.
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Figure 4.22. Tafel Plots for stainless steel electrodes in mock wastewater solutions.

The Tafel plots all have inverse peaks in the 0.09 – 0.13 V range. The corrosion
rate, corrosion current, corrosion potential and polarization resistance of the stainless
steel electrodes in the mock wastewater solutions can be seen below in Table 4.8.

Table 4.8. Tafel Analysis for the stainless steel electrodes in mock wastewater solutions.
Wastewater
solution
15 ppm
20 ppm
25 ppm

Corrosion Rate
(mm/y)
1.67E-03
1.87E-03
2.19E-03

Icorr
(A)
3.18E-08
3.55E-08
4.15E-08

Ecorr
(V)
0.161
0.189
0.191

RP
(Ω)
1.20E06
9.33E05
8.14E05

The corrosion rate of stainless steel was greatest in the 25ppm solution, and
lowest in the 15ppm solution. With more ions in solution, corrosion rates were expected
to increase, which was confirmed with these results. This trend is also true for the
corrosion current and inversely for polarization resistance, as these parameters are
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proportional and inversely proportional to the corrosion rate. The corrosion potential for
of stainless steel in all three solutions was within 0.03 V.
EIS, LSV and a Tafel analysis were also conducted on L-PBF gas-atomized
25Cr7Ni stainless steel was tested in a 3.5wt% saltwater solution. The tests were run in
triplicate with the data being an average of the values.
The electrochemical impedance spectroscopy data for the 3D printed stainless
steel in the saltwater solution can be seen below in Figures 4.23 and 4.24.
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Figure 4.23. Nyquist Plot for 3D printed stainless steel in saltwater solution.

The solution resistance for this experiment was similar to the other experiments
conducted using saltwater as the solution, around 50 Ω. Both the real and imaginary
components of the Nyquist plot increased at around the same rate. This indicates that the
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reaction was diffusion controlled, and therefore a Warburg element should exist in the

Z (Ω)

400000

200000

0
0.01

0.1

1

10

100

1000

10000

85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10
5
0
100000

-Phase (o)

equivalent circuit.

Frequency (Hz)

Figure 4.24. Bode Plot for 3D printed stainless steel in saltwater solution.

The Bode plot for the 3D printed stainless steel can be seen above in Figure 4.24.
Based on this data, and the data in Figure 4.23, an equivalent circuit was modeled.

Figure 4.25. Equivalent circuit based on 3D printed stainless steel electrode EIS data
(Bondarenko).
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The equivalent circuit for the 3D printed stainless steel matched the equivalent
circuits of the stainless steel electrodes in the mock wastewater solutions. The constant
phase element and second resistor represent the electric double layer and control the
reaction from a kinetics perspective. The Warburg element controls the reaction from a
diffusion perspective (Burduhos-Nergis, p. 9). The values for the elements in the
equivalent circuit can be seen below in Table 4.7 for each of the mock wastewater
solutions. The values of the elements of the equivalent circuit can be seen below in Table
4.9.

Table 4.9. The values of the equivalent circuit for the 3D printed stainless steel in
saltwater solution.
Element

R1

R2

Unit
3D Printed
% Error

Ω
43.07
3.34%

Ω
31657
5.61%

CPE1
P1
S sn
7.41E-06
0.68%

W
n1
0.89
0.23%

Ω s-0.5
71698
1.59%

Linear sweep voltammetry was conducted on the 3D printed stainless steel
electrodes. Around a value of 1.25 V, the current rapidly increased in the sample. This
indicated that an oxidation reaction was occurring, and that the current increased in
accordance with the Nernst equation (Administrator).
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Figure 4.26. LSV for 3D printed stainless steel in saltwater solution.

Based on the LSV data in Figure 4.26, a Tafel analysis was conducted to
determine the corrosion rate, corrosion current, corrosion potential, and the polarization
resistance. The calculated values for these can be seen in Table 4.10.
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Figure 4.27. Tafel Plot for 3D printed stainless steel in saltwater solution.
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Table 4.10. Tafel Analysis for the 3D printed stainless steel in saltwater solution.

3D Printed

Corrosion Rate
(mm/y)
1.48E-03

Icorr
(A)
2.84E-08

Ecorr
(V)
0.181

RP
(Ω)
9.40E05

The high polarization resistance, and low corrosion rate and currents indicate that
this 3D printed stainless steel has good corrosion resistance in a saltwater solution.
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CONCLUSIONS

The purpose of this study was to understand and analyze the mechanisms that
enable and control corrosion of copper metal, in terms of thermodynamics, kinetics and
transport. A wide variety of electrochemical characterization techniques were used to
better understand these mechanisms, including open circuit potential, electrochemical
impedance spectroscopy, linear sweep voltammetry, and Tafel analysis.
The open circuit potential was used to calculate the corrosion potential, and to
determine if a corrosion reaction would be thermodynamically feasible based on the
conditions. The electrochemical impedance spectroscopy data was used to model
equivalent circuits. The equivalent circuits gave details relating to the kinetics and
diffusion limitations of a given corrosion reaction. The linear sweep voltammetry data
and Tafel analysis provided data on the corrosion rates, corrosion currents, corrosion
potentials, and the polarization resistance.
Using these experiments, a thorough analysis of copper corrosion in saltwater, tap
water and deionized water was conducted. Additionally, these electrochemical
characterization techniques were used to evaluate the corrosion mechanisms of 316L
stainless steel in mock wastewater solutions, and the corrosion mechanisms of L-PBF
(3D printed) gas-atomized 25Cr7Ni stainless steel were tested in a saltwater solution.
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The detailed description of the underlying corrosion mechanisms discussed in this
study could be used for future corrosion studies. The advanced of 3D printed metal alloys
will only further the need to understand and study the effects of corrosions, as these items
become a larger part of daily life.
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